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The high temperature and electron degeneracy attained during a supernova allow for the for-
mation of a large muon abundance within the core of the resulting proto-neutron star. If new
pseudoscalar degrees of freedom have large couplings to the muon, they can be produced by this
muon abundance and contribute to the cooling of the star. By generating the largest collection
of supernova simulations with muons to date, we show that observations of the cooling rate of SN
1987A place strong constraints on the coupling of axion-like particles to muons, limiting the coupling
to gaµ < 10
−6.2 GeV−1.
I. INTRODUCTION
Axions are hypothetical light pseudoscalar degrees of
freedom. Initially proposed to solve the strong CP prob-
lem [1–3], they are a generic prediction of string the-
ory [4] and a good candidate for dark matter [5, 6]. As
a result, a large research effort is dedicated to search-
ing for these “axion-like particles” (henceforth axions),
mainly through their coupling to photons [7–10], elec-
trons [11], or nucleons [12] (see [13] for a review). The
coupling to muons, however, has not been well studied,
partially by virtue of the fact that the high muon rest
mass and short lifetime make performing precision muon
experiments over long timescales difficult. Luckily, as-
trophysics provides us with an alternate means to probe
this coupling: the cooling of supernovae.1
Here, we exclusively consider axions with mass ma 
MeV and muon-dominated interactions, coupled via
L ⊂ gaµ(∂σa)ψ¯µγσγ5ψµ ≡ −igaµ(2mµ)ψ¯µγ5ψµa , (1)
where mµ is the muon mass, a the axion field, ψµ the
muon spinor, and gaµ the axion-muon coupling. Bounds
on gaµ have been placed from radiative corrections and
cosmology [14–16], but these bounds are subject to model
dependencies.2 Robust experimental constraints arise
from the axion contributions to the muon g − 2, which
place a bound at gaµ . 10−2.4 GeV−1 [17]. The bounds
we calculate here extend the excluded region by another
four orders of magnitude.
Observations of SN 1987A neutrinos indicate that the
resulting proto-neutron star (PNS) cooled in roughly ten
seconds. A new particle transferring energy more effi-
ciently than the neutrinos would shorten this timescale,
1 Neutron star cooling may also place a bound, but rough estimates
indicate that the supernova bound is stronger. This is a future
avenue to explore.
2 However, CMB Stage IV will place a strong model-indepedent
constraint based on contributions to Neff.
leading to the oft-cited “cooling bound” [18–24] on the
axion luminosity of La . 3× 1052 erg/s.3
As noted recently [14, 30], though the temperature of
the supernova hardly rises above ∼ 50 MeV, there is still
a large proportion of thermal photons and neutrinos with
energies well above the muon rest mass. Additionally,
the electrons acquire a large chemical potential allowing
their conversion to muons, with the production of muon
antineutrinos compensating to maintain a net zero muon
number. Due to the small difference in the neutral cur-
rent cross-section between ν and ν¯, muon antineutrinos
diffuse out of the PNS at a higher rate than muon neutri-
nos, leading to the accumulation of a net muon number
within the PNS in a process known as “muonization.”
Recent work has shown that this muonization process is
more efficient than was previously realized and may play
a significant role in generating successful supernova ex-
plosions [31].
Note that a rough estimate of this bound was made in
Ref. [14], but due to its highly approximative nature, the
result was subject to a large degree of uncertainty [15].
This is not unexpected, as the high muon rest mass means
both the muon density and reaction rates depend sensi-
tively on the core temperature (and muon/electron chem-
ical potentials) of SN 1987A. In this paper, we signifi-
cantly improve on the previous estimate by running ded-
icated simulations that make use of recent results [32–40]
constraining the PNS equation of state and mass, allow-
ing us to reduce the uncertainty and set a robust bound
on the coupling over six orders of magnitude. Interest-
ingly, these new constraints on the EoS and mass lead
to a generically higher core temperature, which suggests
that existing bounds on other axion couplings may be
strengthened by including this microphysics as well.
3 Ref. [25] questions this bound, but is based on a speculative ther-
monuclear explosion scenario [26, 27] that conflicts with stellar
evolution theory, supernova nucleosynthesis, and the existence
of a neutron star in SN 1987A, which is strongly suggested by
interpretations of recent ALMA observations [28, 29].
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2II. PROFILES FROM SIMULATIONS
As with any supernova bound, it is critical to assess
the robustness of our results to variations in the choice
of model. To do this, we ran four simulations that tile
the possible parameter space (see Table I). The simula-
tions were performed in spherical symmetry (1D) with
the Prometheus-Vertex code with general-relativistic
corrections and six-species neutrino transport, solving it-
eratively the two-moment equations for neutrino energy
and momentum with a Boltzmann closure [41] and using
the full set of neutrino processes listed in [42] and [31].
PNS convection was taken into account by a mixing-
length treatment and explosions were artificially trig-
gered a few 100 ms after bounce at the progenitor’s Fe/Si
or Si/O composition interface as described in [43].
The main astrophysical uncertainties are connected to
the neutron star mass in SN 1987A and the equation of
state at supernuclear densities. Model SFHo-18.6 has a
canonical neutron star mass well within the range ex-
pected for the compact remnant in SN 1987A, while
in models SFHo-20.0 and LS220-20.0 the neutron star
masses are near the upper edge of the expected range,
and in model SFHo-18.8 the neutron star mass is at the
lower edge of the allowed range [29]. The SFHo equation
of state is fully compatible with all current constraints
from nuclear theory and experiment [32–34] and astro-
physics, including pulsar mass measurements [35–37] and
the radius constraints deduced from gravitational-wave
and NICER measurements [38–40]. Results for the long-
used LS220 equation of state are shown for reference and
comparison. Note that these equations of state are con-
siderably softer than those of previous works on axion
emission from supernovae [49–51], which employed stiff
equations of state that are increasingly disfavored by the
constraints above. The adoption of softer equations of
state generically results in a smaller radius and higher
temperature than in PNS models with stiff equations
of state. It should be noted that though this change
is most relevant for the axion-muon coupling, the generi-
cally higher temperatures will influence many existing su-
pernova limits on new particles, and these results should
be revisited with the new EoS constraints in mind.
We have plotted the temperature, density, and muon
number density for these simulations at 1 second post-
bounce in Figures 1, 2, and 3 respectively.4 Note that
though the temperature varies by 30%, the ultimate
muon density, the quantity to which our bound is most
sensitive, does not change by more than an O(1) factor in
regions of interest, demonstrating a considerable robust-
ness to large changes in initial parameters. In order to
place conservative limits, we ultimately adopt the SFHo-
4 The full profile data can be found at the Garching Core-
Collapse Supernova Archive, https://wwwmpa.mpa-garching.
mpg.de/ccsnarchive/archive.html.)
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FIG. 1: Temperature profile for various models at 1 s post-
bounce.
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FIG. 2: Density profile for the models corresponding to Fig. 1.
18.8 result as our fiducial profile, which is the coolest and
results in the weakest constraint.
III. AXION PRODUCTION BY MUONS
There are two dominant contributions to the axion
emissivity due to muons in the supernova: Compton scat-
tering (γ+µ→ a+µ) and muon-proton bremsstrahlung
(µ + p → µ + p + a). Contributions from muon-muon
bremsstrahlung are subdominant as the muon number
density is over an order of magnitude below the proton
density, muon-electron bremsstrahlung is suppressed by
the muon-electron mass ratio, and other channels such as
Primakoff or nuclear bremsstrahlung require additional
couplings of the axion.
While electrons in the core of the PNS are highly de-
generate, suppressing the Compton process [52] and re-
sulting in bremsstrahlung [18] as the dominant axion-
production channel, muons are only mildly degenerate.
This reduces the suppression considerably, allowing the
Compton process to become the dominant contribution
to axion production. This mild degeneracy is displayed
in Figure 4, where we plot the ratio µµ/T as a function
3Model name Equation of state Progenitor mass (M) NS bary. mass (M) NS grav. mass (M)
SFHo-18.8 SFHo [44] 18.8 [45] 1.351 1.241
SFHo-18.6 SFHo [44] 18.6 [46] 1.553 1.406
SFHo-20.0 SFHo [44] 20.0 [47] 1.947 1.712
LS220-20.0 LS220 [48] 20.0 [47] 1.926 1.707
TABLE I: Supernova model parameters and resulting NS baryonic and gravitational masses. We place our final bound with
SFHo-18.8, as it produces the weakest constraint.
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FIG. 3: Muon number density. Note that despite large dif-
ferences in peak temperature, the muon number density does
not change by more than an order of magnitude in regions of
interest.
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FIG. 4: Muon degeneracy parameter µµ/T for various pro-
files. This ratio never exceeds a small O(1) value in the region
of interest.
of radius for the various profiles considered. Axion pro-
duction is only effective in regions of high muon density
(5 km . r . 15 km), where we observe that the degener-
acy parameter remains a small O(1) value.
In order to quantify the effects of the degeneracy on the
Compton rate, we compute the approximate suppression
factor Fdeg by averaging over the Pauli blocking factor
(see Sec. 3.2.5 of Ref. [18]):
Fdeg ≡ 1
nthµ
∫
2 d3p
(2pi)3
fµ(E) (1− fµ(E)) , (2)
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FIG. 5: Suppression due to muon degeneracy effects. It is
clear that this affects the ultimate flux only very mildly.
where nthµ is the thermal number density and fµ(E) =
(e(E−µµ)/T + 1)−1 the energy distribution of muons at
the given degeneracy and temperature. We have plotted
this suppression factor in Figure 5. It is clear that due to
the mild degeneracy, the suppression is never in excess of
∼ 15%.
We also compute the degeneracy parameter for the pro-
tons, as previous work has suggested that proton degen-
eracy can play a significant role in the core [53], but find
that protons are solely degenerate for r . 4 km, which is
outside the region of high muon abundance, hence proton
degeneracy effects are neglected.
Given the above results and the non-relativistic veloc-
ities of the muons, the production rate for the Compton
process is [54]
ΓCompton =
α(2gaµmµ)
2ω2
3m4µ
nµ
eω/T − 1Fdeg , (3)
with ω the energy of the emitted axion. For muon-proton
bremsstrahlung, we have [54]
Γbrem = α2(2gaµmµ)
2 8pi
3
√
2pi
npnµ√
Tm
7/2
µ ω
e−ω/TF (w, y)
(4)
with
F (w, y) =
∫ ∞
0
dxxe−x
2
∫ √x2+w+x
√
x2+w−x
t3
(t2 + y2)2
dt , (5)
where we have defined w ≡ ω/T and y ≡ kS/
√
2mµT
4with kS the Debye screening scale, which is the appro-
priate scale to use for non-degenerate conditions.
There are two relevant regimes of parameter space: the
free-streaming regime and the trapping regime. In the
free-streaming regime, the mean-free path for axion ab-
sorption is significantly larger than the scale of the PNS,
hence axions can escape the inner regions of the star with-
out any further interactions, leading to volume emission.
At sufficiently strong couplings, however, we enter the
trapping regime. The mean free path becomes small in
the interior of the PNS and axions are rapidly produced
and reabsorbed out to some radius where the mean free
path grows long and they escape. This radius is known
as the “axion sphere” [55] and the luminosity can be ap-
proximated by blackbody emission from that radius at
the local temperature [18].
Let us begin with the free-streaming regime. In order
to compute the free-streaming luminosity of axions due
to the muon coupling, we use the following [22]:
Lfreea =
∫
dV
∫
(4piω2) dω
2ω(2pi)3
e−τ(ω,r)ω(ΓCompton(ω, r) + Γbrem(ω, r)) , (6)
with τ the optical depth, given by
τ(ω, r) =
∫ ∞
r
dr′ (ΓCompton(ω, r) + Γbrem(ω, r))eω/T ,
(7)
where the factor of eω/T appears since we are now con-
sidering the absorptive widths of the processes, which
are related to the production rates by detailed balance:
Γprod = e
−ω/TΓabs. We include the factor of e−τ(ω,r)
in the computation of the luminosity to account for the
moderate reabsorption of axions by muons even in the
“free-streaming” regime.
In the trapped regime, we must first identify the axion
sphere, which is done by computing the Rosseland mean
opacity for axions, given by
1
ρκa
=
15
8pi4
∫ ∞
0
dx
(
ΓComptonabs + Γ
brem
abs
)−1 x4e2x
(ex − 1)3 ,
(8)
where x ≡ ω/T . We can then integrate this radially to
find the optical depth τR:
τR(r) =
∫ ∞
r
ρκa dr . (9)
Whenever τR  1, the axions are efficiently trapped [24].
The axion sphere is defined as the radius ra at which
τR(ra) =
2
3 . The resulting luminosity is then just ap-
proximated as blackbody emission from that radius:
Ltrappeda =
pi2
120
(4pir2a)T
4 , (10)
As this approximation implicitly assumes that all axions
decouple at the same radius, it is only applicable in re-
gions where the coupling is strong enough that absorptive
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FIG. 6: The free-streaming luminosity in axions as a func-
tion of axion-muon coupling. Couplings for which the curves
lie above the dotted black line and to the right of the dashed
lines are excluded by the free-streaming luminosity, while cou-
plings to the left of the vertical dashed lines are excluded by
the blackbody approximation in the trapped regime. The
decrease of the free-streaming luminosity towards weak cou-
plings is due to rapidly declining axion production, whereas
the decrease towards strong couplings is due to an increas-
ing absorptive width and corresponding suppression by the
e−τ(ω,r) term. Note that the free-streaming luminosity is not
the total luminosity, as it does not factor in trapping. It is
shown to the left of the vertical lines purely to demonstrate
the expected fall-off in the function itself and has hence been
plotted as dot-dashed in that region.
processes shut off over a very narrow region. Otherwise,
the energy dependence of the absorptive width stretches
this single radius of decoupling into an extended decou-
pling region. At large values of the coupling, the approx-
imation of an axion sphere is applicable. At the lower
limit, as we will show below, the trapped regime transi-
tions smoothly into the free-streaming regime while still
producing luminosities in excess of the cooling constraint,
hence the effect of an extended decoupling region does
not affect our overall bound.
IV. RESULTS
Figure 6 shows the results of our luminosity calcula-
tions. The curves correspond to the free-streaming lu-
minosity given in Eq. 6 as a function of coupling, with
the horizontal axis showing − log10(gaµ/GeV−1). Note
that towards weak couplings, the luminosity falls off as
the coupling becomes too weak to allow the efficient pro-
duction of axions. Towards stronger couplings, the free-
streaming luminosity also falls off, now due to the increas-
ing absorptive width (i.e. the factor of e−τ(ω,r) causes a
large suppression).
The vertical lines demarcate our free-streaming regime
from our trapped regime. We separate these two regimes
at the coupling for which the optical depth within the
axion sphere rises above unity. Note that the tran-
sition occurs at couplings where we are still excluded
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FIG. 7: Our constraints, plotted on axion parameter space.
Excluded regions are colored. We show the bound that is
placed with the SFHo-18.8 profile as a solid blue line, which
we quote as our ultimate bound. Note that this is ex-
tremely conservative, as model SFHo-18.8 is on the low edge of
those compatible with SN 1987A. To illustrate the model de-
pendence, we also show the result for SFHo-20.0 (light blue),
which sits on the high edge of the allowed range. We addi-
tionally plot existing bounds from virtual axion contributions
to the muon g − 2, which are the most robust experimental
constraints [56].
by free-streaming, allowing a smooth transition between
regimes and no breaks in our bounds. If, instead, the
trapped regime had only begun at much stronger cou-
plings (gaµ . 10−4 GeV−1), there could have in princi-
ple been a gap in the constraint between the two regimes.
But this is far from the considered case, hence the actual
details of the transition between regimes do not affect
our overall results. Note that even at high couplings,
the axion sphere is never further out than ≈ 18 km, as
should be evident from the plot of the muon number den-
sity (Fig. 3). An axion sphere at 18 km corresponds to
a blackbody luminosity of & 1053 erg/s, so our bounds
extend smoothly to high couplings.
In summary, we can exclude all couplings to the left
of the vertical lines (trapped regime) and can exclude
all couplings to the right of the vertical line for which
the free-streaming luminosity lies above the horizontal
line corresponding to La = 3×1052 erg/s (free-streaming
regime).
These results can be reformulated into a constraint on
the axion coupling, the result of which is displayed in
Figure 7. Translated into a numerical bound, the con-
straint from SFHo-18.8 is gaµ < 10
−6.2 GeV−1. Note
that this is a conservative constraint, as it is placed with
the coolest profile, a profile that is on the low-mass edge
of the allowed range for SN1987A’s remnant. As such,
we also show the bound from SFHo-20.0 (lighter blue),
which sits on the high-mass edge of the allowed range,
though we only quote the conservative bound as our fi-
nal result.
Additionally, we have cut off our bound atma = 1 MeV
as our production calculations implicitly took the axion
to be effectively massless, a good approximation when
ma  T , as is the case here. More parameter space
(up to ma ∼ 100 MeV) could be excluded with a full
treatment of a massive axion, though the corresponding
Boltzmann suppression will cause the bounds to rise very
rapidly towards higher masses.
In conclusion, SN cooling constrains the axion-muon
coupling to
gaµ < 10
−6.2 GeV−1 (11)
for axions with masses less than an MeV, severely lim-
iting the parameter space for exotic axion-like particles
with muon-dominated interactions.
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